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USE OF PERMANENT MAGNETS IN MAGNETRON DESIGN

INTRODUCTION

All magnetrons require a cathode and an anode with a dc magnetic field
perpendicular to the dc electric field between them. The electrons emitted by the cathode
are influenced by the crossfields to move in curved paths in the interaction region. They
continue to dnift towards the positively polarized anode where they are ultimately
collected.

This study deals with the feasibility of permanent magnet field sources in
magnetrons. A dc magnetic field of about 7.5 kOe 5% was required in an interaction
region .hat is 7.2 cm long and 0.53 cm wide. Several suitable options were invéstigated
and are compared in this report.

DESIGN SPECIFICATIONS

Figure 1 shows the longitudinal cross section of the magnetron that was the subject
of this investigation and Figure 2 shows its transverse cross section. As indicated in
Figure 2, the outer radius of the cathode R is 1.58 cm and the inner radius of the anode,
R,,is 2.11 cm. The interaction region, between the anode and the cathode, is 0.53 cm
across; and the outer radius of the anode block, R, is 4.62 cm. The cavity angles in the
anode block are 20° and two of the cavities, diametrically across from one another, serve
as entry ports for the waveguides needed for the rf output. The waveguide extends 7.0
cm along the 7.2 cm length of the structure. The dc electric field and the magnetic field
are respectively perpendicular and parallel to the structural axis.

THEORY

Details of a clad cylindrical longitudinal field structure have been described
elsewhere.!-3 Provisions for a field Hy = 7.5KOe in a cylindrical space of radius 4.62
cm and length 7.20 cm requires a flux @y in the interaction region of

Py, = 7R %Hy, = 503 kMx (D

This flux is to be supplied by a longitudinally oriented magnet encompassing the
working space as shown in Figurc 3 . Hence,
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Figure 1. Longitudinal cross section of magnetron.
where A, | is the cross-sectional area of the supply magnet and By is given by
By =Bg - Hy (3)
where By, is the remanence of the magnetic material used, so
Ay =112 cm? )

To keep the flux confined to the space within R we need a lapered, radially onented,
cladding magnet encasing the longitudinal supply magnet as shown in Figure 4. The
maximum thickness t, of the former magnet is given by reterence 2 as

where Ly is the length of the working space.
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R

R, Cathode O.R. 1.58 cm 0.62 inch
R, Anode LR 2.1lcm 0.82 inch
R, Anode O.R. 4.11 cm 1.62 inch
R, Anode Block O.R. 4.62 cm 1.82 inch
O Cavity Angle 20 degfées

L Circuit Length 7.20cm 2.83 inches

Figure 2. Transverse cross section of magnetron.

To prevent end losses, we must have disc-shaped bucking magnets, pole pieces and
tapered ring-shaped corner magnets as shown in Figure 4. The bucking magnets must have
a thickness equal to t, of the radial annular magnet, namely 2.25 cm. The pole pieces must
be of sufficient thickness to carry 503 kMx of flux. If tron is used with a saturation
induction of 20 kG, the circumferential area A of each disc is given by

A,= 503 kMx/20 kG = 25.2 cm? (6)
so that the thickness of the pole piece must be at least

= Ap/2uR4 =0.866 cm (7

I —
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PRELIMINARY INVESTIGATION: POSSIBLE CONFIGURATIONS

Figure 5 shows the three possibilities investigated.

A. JDEAL CASE: A magnetic material of By = 12 kG is used for all magnets and all
of the supply magnet, 41.9 cm? is placed in the interior of the tube. Part of the magnet
material, 7.84 cmz, is placed in the central core within the cathode and the remainder, 34.1
cm?, is placed in the space available within the anode block. The total mass of this

structure, when permanent magnets with p = 7.7 g/cm3 are used, is approximately 11.3 Kg.
A 2-D finite element plot of the structure is shown in Figure 6. As can be seen, the field
uniformity over the entire region of the structure is very good. Figure 7 shows the field
profile along the length of the interaction region. The field is 6.5 kOe over most of the
range with a 5.6% decline towards the edges of the tube. The 7% leakage due to imperfect
cladding accounts for the 6.5 kOe peak field in a confi guration designed to yield a 7.0 kOe
field. Entry ports for the wave guide require that part of the cladding be removed. This
adds to the leakage of flux and results in further reduction in peak magnetic field.

This ideal configuration yields a very compact low-mass device. However, it uses all
the available space within the magnetron tube, leaving no room for cooling systems which
are necessary for effective heat transfer. Without such transfer, the magnet warms up to a
high temperature which results in a decrease in magnet remanence and hence magnetic feld.
Moreover, the commercial availability of magnetic materials of remanence 12 kG is suspect.

B. WORST CASE: Magnetic material of Bp = 11.5KG is used for all magnets and all
of the supply magnet is placed exterior to the tube and the model is designed for a peak tield
of 7.5 kOe. External placement of the magnetic material affords ready cooling. The
dimensions of the structure were determined by a process similar to the one described earlier
and it yields

supply magnet thickness =3.21 cm
maximum cladding thickness = 2.3 cm
thickness of pole piece =0.511 cm
mass of magnetic structurc = 23.9 kg

for magnetic materials of density p = 7.7 gicm?>

A 2D-finite element plot of the structure is shown in Figure 8 and the field umiformity
over the entire region of the structure i1s remarkable. Figure 9 shows the field protile along
the length of the structure. The field is 7.0 kOe for most of the circuit length with a 0.5-4%
decline towards the edges of the tube. The leakage is about 7%.




"uospudew ur Juswooed
"ougeu yusuewad 10§ saANRUIAE 221y |,

soudej Suippe)) €—
Taddop RN
syude A[ddns 772

D1 ¢l > H =g
IOLISJUT UL 3 00f<L |
aumesadwo j, ySiy

"¢ aIngig




Magnetic Flux Density (Teslas)

0.655 - —

0.651 TN
0.647 :
0.643 :

[ /
0.639 :

0.635 IL ‘[ %

Distance (cm)

Figure 7. Field profile in the interaction region
of the ideal design.
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Figure 8. A 2-D finite element plot for the worst case design.
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Figure 9. Field profile in the interaction region
of the worst case design.




This worst case scenario yields a device that is more massive but free of
complications arising from magnetic matenal deterioration due to heating. Adequate room
exists for strategic placement of cooling systems which will ensure good magnetic field
quality during operation. As in the ideal case, part of the cladding magnet has to be
removed to allow for insertion of waveguides. The flux leakage at the insertion site is
unavoidable. Also, this configuration demands that part of the supply magnet be removed
as well. As long as the portion of the removed supply magnet is included elsewhere in the
arrangement, it is rather forgiving as far as placement site is concerned. It does, however,
push the cladding further out, resulting in an additional increase in mass.

C. INTERMEDIATE CASE: A theoretical assessment was also made for an
intermediate arrangement, shown in Figure 10. Part of the magnetic matenal is placed
within the magnetron tube inside the cathode, and the remainder outside the anode block.
For a magnetic material of remanence Bp = 11 kG and p=7.7 g/lcm3, the expected mass of
this configuration would be 13 kg. The smaller B chosen for this case reflects the
probability of greater heating due to closer proximity of magnetic matenal to the interaction
region, as the required temperature stability is available only in materials with a By, of less
than 11 kG.

The results of the three possibilities analyzed in the preliminary investigation are
summarized in the table presented in Figure 11.

EFFECT OF WAVEGUIDE PORTS ON FIELD UNIFORMITY
An exact treatment of field irregulanties resulting from missing cladding at the
waveguide portals of the ideal structure was made when a computer program for three
dimensional analysis became available. Onginally, an estimate of the magnitude of the
effect was gleaned from a computation of the field contribution Hg of the side cladding

taken together with the pole pieces. The field contribution of the missing cladding Hy
everywhere in the interaction region was then found to be of the order of

Hy; = (40/360)Hg = Hg/9

The variation of H,; around the circumference of the interaction region AH, [ is very
much smaller than H, , itself so that

10
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DIMENSIONS
R 5 - Magnetic Material Inner Radius 2.60 cm (1.02 in)
R4 - Magnetic Material Outer Radius To be determined

R, - Cathode Region Magnet Outer Radius 1.27 cm (0.5 in)
Rg - 2nd Magnetic Material Inner Radius 4.11 cm (1.62 in)

* Note: Rs and 0.100 Dim allow for possible cooling channels

Figure 10. Magnet location in the intermediate choice.

and since Hg is only one percent of the total field, the effect of Hy is expected to be
negligible. The three-dimensional analysis confirmed this conclusion as it showed an
azimuthal field vanation of only a few parts per thousand as is shown in the plot of Figure
13. More details of the analysis are given in the appendix.

1
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FINAL ANALYSIS

In the final analysis, it was determined that in view of the quality of commercially
available magnetic matenals and the need to effectively remove the heat generated within
the tube, all the magnet material be placed in a traditional configuration outside the anode
block. Easily available permanent magnet materials of remanences BR = 10 kG and density

= 7.7 g/cm3 were used in the analysis. A structure was designed for a theoretical 7.0 kOe
field in the interaction region. The mass of this configuration was considerably higher, 25.7
kg. The 2-D finite element plot of Figure 12 shows the field uniformity to be very good in
the interaction region. Figure 13 shows that the field along the length of that region is about
6.0 kOe and is uniform to about 0.29%, indicating a flux leakage of approximately 7%,
again because of imperfect cladding.

Figure 12. A 2-D finite element plot for the most practical design.
Here the usual comer magnets of rectangular cross-section have been
replaced by the equally effective and simpler radially oriented
magnets of triangular cross-section.
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Figure 13. Field profile in the interaction region of the best choice.

Further modifications were then introduced as dictated by the electronics of the tube.
To serve as possible entry and exit ports for electronic and thermal gadgetry, tunnels of
varying diameter drilled at both ends of the above permanent magnet device were
considered in the analysis. Figure 14 tabulates the peak fields and the field gradient along
the length of the interaction region for a vanety of models considered. Figure 15 shows the
variation in peak field as a function of tunnel radius, a major factor in evaluating the
possibilities before a judgment can be made with regard to a choice in hole diameter.

The possibility of increasing the tube length to 9.2 cm was also investigated.
Although this would further add to the mass of the device, it would ensure tield uniformity
over the entire region of the rf output where the waveguides are inserted. The results are
included in Figures 14 and 15.

CONCLUSIONS

A prototype of the 7.2 cm long permanent magnet described above i1s under
consideration. Magnetic materials such as Sm,Co,, (p =83 g/cm3) and Nd-Fe-B (p=74
g/cm3) are possible choices. The remanencces of commercially available matenals and therr
sensitivities to high temperatures would determine the final choice. The 7.0% leakage
encountered throughout the investigation can be eliminated casily by a slight moditication
of the cladding as described in references 1 and 2.

14
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Figure 15. Peak field at electron orbit site as a function of the tunnel radius.
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APPENDIX A ¢ Three-Dimensional Analysis

A three dimensional finite element analysis (FEM) was performed on the structure
illustrated in Figure A-1. Figures A-2 thru A-5 show several cross-sectional cuts through
the structure perpendicular to the axis of rotation. The various magnet orientations are
shown by heavy arrows and all magnets were assumed to have a remanence of 10 KG
(795,774 amps/meter).

Because computer disk and RAM requirements quickly grow to unmanageable
proportions as problem complexity increases, we have used symmetry arguments to greatly
simplify this analysis. Only one-half the length of the structure in the z-direction is modeled
and this end “surface” is left unconstrained. Also, only 180° of the structure in the
azimuthal direction is modeled. The resulting flat “surface” in this case is constrained to

A,=A,=0 (where Ais the vector potential). The slot for the waveguide extends from 80° to
100° in the azimuthal direction (by symmetry, there exists an 1dentical waveguide slot in the
opposite half of the structure that extends from 260° to 280°). A center hole size of 0.5cm
diameter was chosen for this analysis.

Figure A-6 is an overall view of the structure and Figure A-7 is the resulung FEM
mesh. The structure is tilted down 25 about the x-axis and bulges outwards towards the
reader.

The z-component of the magnetic field was plotted for several different paths, as
shown in Figures A-8 thru A-10. In Figure A-8, H, is plotted, as onc travels along the
central axis of the structure, for several different radii. The point z=0 corresponds to the
lowest point in the “air” working space, i.e., adjacent to the pole piece. For r=2 ¢m from the
central axis, the field is relatively uniform along the length of the structure (the z-distance of
3.5 cm corresponds approximately to the midpoint of the structure along its length). For
r=0.35 cm, the influence of the central hole (of radius 0.25 cm) is pronounced only a
centimeter or less from the pole pieces.

Figures A-9 and A-10 are plots of H, along 180° arcs of r=2.1 ¢cm and r=4.5 cm from
the central axis. The horizontal axis corresponds to distance along each arc. The iniluence
of the waveguide slit (at 80° to 100°) can be seen as a small decrease in field component in
the middle third of each arc.

Overall, the vanation in field in the entire working space is on the order of a few
percent, but if one keeps to a particular path with a high degree of symmetry (e.g., an electron
beam in a circular orbit around the central axis), a vanation on the order of a few tenths of a
percent can be realized. A detailed printout of all ficlds and related parameters 1s included.
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Figure A-1. Side view of the overall structure as used in the three
analysis. Overall length is 13.126 cm.,




oD Section A

Figure A-2. View of cut through section A of figure A-1.

Section B

Figure A-3. Diagram of a cut through section B of figure A-1.
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